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Available online 18 November 2016Ni3Al-based composites with different Cr3C2 contents were fabricated by the hot isostatic pressing (HIP) tech-
nique. The microstructure, phase constitution, and tribological properties of the composites were investigated
by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), and pin-on-disk wear tests. The results revealed that the strengthening
phase is distributed homogeneously in the Ni3Al matrix. During the HIP process, M7C3 (M = Cr, Fe) is formed
by diffusion of Fe, C, and Cr to the interface between the Cr3C2 particles and Ni3Al matrix. The diffusion process
binds the phases and is important for improving the wear resistance of Cr3C2/Ni3Al composites. The wear mea-
surements demonstrated that micro-cutting and fatigue wear are the dominant mechanisms for this tribological
pair. The wear resistance of Cr3C2/Ni3Al composites is signiﬁcantly improved by the addition of Cr3C2 particles.
When the content of Cr3C2 is within a certain range, the wear resistance of Cr3C2/Ni3Al composites increases as
the Cr3C2 content increases. However, the addition of excess Cr3C2 (for example, 24 vol% in this work) could
lead to a decrease in the wear resistance of the composites. In addition, the average friction coefﬁcients and
wear of the counterpart decrease with increasing Cr3C2 addition.
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Ni3Al is one of the most attractive materials among intermetallic
compounds because of its highmelting point, low density, high temper-
ature strength, and good creep resistance [1–4]. Furthermore, it has a
positive temperature-dependence of strength due to its long-range
204 L. Fu et al. / Materials and Design 115 (2017) 203–212ordered crystal structure [5–7]. Therefore, Ni3Al alloys are considered to
be excellent materials for resisting wear at high temperatures. They
have been used for tribological applications in which wear-resistance
is the main requirement [8–10]. Recent studies have indicated that the
high-temperature mechanical strength and hardness of Ni3Al alloys
can be signiﬁcantly improved by the addition of hard-particle reinforce-
ments [11–13]. When present in iron, cobalt, and nickel matrices, chro-
mium carbide exhibits high hot-hardness and excellent high-
temperature oxidation resistance combined with good wetting ability
[14–15]. Hence, chromium carbides are chosen frequently as hard-par-
ticle reinforcements for addition into Ni3Al-based matrices, to form
Cr3C2/Ni3Al composites [8,16]. Cr3C2/Ni3Al composites have been wide-
ly investigated as wear-resistant materials in wear applications for
many years. Bullock et al. [17] studied directionally solidiﬁed Ni-Ni3Al-
Cr3C2 composites and found that the composites show better creep re-
sistance than the matrix-only material. The wear performance of chro-
mium-carbide-reinforced Ni3Al matrix composites under ambient
temperature was studied by Gong et al. [15–16,18]. The results indicat-
ed that composites presented better wear resistance comparedwith the
matrix-onlymaterial. This was due to the presence of carbide asperities,
which kept the sliding surfaces apart during the wear process. Li et al.
[19] prepared a Cr3C2/Ni3Al composite coating on steel by welding. A
study of the abrasive wear performance of the composite coating
showed that the abrasion-resistance of the Cr3C2/Ni3Al composite coat-
ing is twice as high as that of the stellite 12 alloy. This can be attributed
to the large volume fraction of carbides, high hardness, and good inter-
facial bonding between the phases. Therefore, it was expected that the
unique properties of Ni3Al alloys and chromium carbides would im-
prove the tribological resistance of materials [11–12,20–21].
Hot isostatic pressing (HIP) is awidely applied powder technique for
manufacturing precisely shaped, dense bodies of different types of ma-
terials, includingmetals, ceramics, and others [22–24]. In recent years, it
has also been used to produce wear-resistant components for Cr3C2/
Ni3Al composites. However, the microstructure and phase constitution
of HIP Cr3C2/Ni3Al composite materials have not been investigated sys-
tematically in previous studies. The diffusion phenomenon and related
phase transformation of Cr3C2/Ni3Al composites during the HIP process
have not been clearly understood. It is important to understand the ef-
fect of Cr3C2 content on the microstructure and tribological behavior
of Cr3C2/Ni3Al composites processed by the HIP technique, for practical
applications as well as academic research.
In this paper, Ni3Al-based composites with various Cr3C2 contents
were prepared using the hot isostatic pressing technique. The micro-
structure and phase constitution of the HIP Cr3C2/Ni3Al composites
were characterized by ﬁeld emission scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD),
and transmission electronmicroscopy (TEM).Moreover, the tribological
properties of the composite materials were investigated, and the inﬂu-
ence of Cr3C2 content on the wear behavior of the composites was
analyzed.
2. Experimental details
2.1. Materials
Ni3Al-alloy powders (~40–100 μm) with a chemical composition
(wt%) of Ni-9.87 Al- 11.63 Fe-0.50 Mn-0.50 Ti-0.2 B and Cr3C2 particles
(~20 μm, 99.5% purity) were selected as the raw materials. Powders of
theNi3Al alloywere supplied by the Chalmers University of Technology,
where they were synthesized using vacuum melting and inert gas at-
omization technology. The powders were ﬁrst mechanically mixed
with Cr3C2 particles in a roller ball mill. The mixing process was carried
out at a rotational speed of 50 rpm for 24 h. In this work, the Ni3Al-alloy
powders were uniformly mixed with 6 vol%, 12 vol%, 18 vol%, and
24 vol% of Cr3C2 particles, respectively. Then, the mixed powders were
processed by the HIP method at 1160 °C and 140 MPa for 3 h to obtainthe Cr3C2/Ni3Al composites (NAC06, NAC12, NAC18, NAC24). As a refer-
ence for comparison, a monolithic Ni3Al-alloy (NAC0) without Cr3C2
powders was also fabricated.
2.2. Characterization and wear tests
The microstructure of the monolithic Ni3Al-alloy and its composites
was observed by SEM and EDS (NOVA NANOSEM 450). The phases of
the Cr3C2/Ni3Al composites were analyzed by XRD (D8 ADVANCE) and
TEM (JEM-2010). In order to avoid interference from the signal of the
matrix phase in the XRD pattern, chromium carbides were extracted
from the Cr3C2/Ni3Al composites by constant-current electrolysis. This
process was carried out in an electrolytic solution of 1.6 mol/L hydro-
chloric acid, 0.7mol/L propanetriol, 0.04mol/L citric acid, andmethanol
solution for 3 h, with a constant current density of approximately
50 mA/cm2. Samples for TEM were ﬁrstly mechanically thinned down
to 10– 20 μm in thickness. Then, the foils were ion-milled using an ion
polishing system (Leica RES 101). The ion-milling process consisted of
two steps: in the ﬁrst step, the foils were milled at an incidence angle
of 8° under an accelerating voltage of 5 kV for 3 h; in the second step,
the samples were continuously thinned under an incidence angle of 3°
and accelerating voltage of 3 kV for 1 h. The hardness of the Ni3Al-
alloy and Cr3C2/Ni3Al composites wasmeasured using a HRS-150 Rock-
well hardness instrument with a load of 150 kg and indentation time of
10 s. Eachmeasurement was conducted three times to verify the repro-
ducibility of the results. The equivalent Vickers hardness was estimated
using conversion tables. The pin-on-disk wear tests were performed
using an Optimal SRV®4 reciprocal friction and wear tester at room
temperature. The pins were composed of the monolithic Ni3Al-alloy
and Cr3C2/Ni3Al composites, with dimensions of 3 × 2 × 14 mm. The
face with an area of 3 × 2 mm was chosen as the wear surface to be
brought into contact with the counterpart disk. The counterpart disk
(Ø24 × 7.88 mm)wasmade of gray cast iron with the chemical compo-
sition (wt%) of Fe-3.20 C-1.10 Si-0.80Mn-0.07 S-0.2 P-1.0 Cu-0.22 V. Be-
fore the tribological measurements, all pins and counterpart disks were
polished with 1500 grit SiC paper, then rinsed with deionized water,
and ﬁnally, degreased by acetone. The tribological tests were carried
out under a load of 48 N, a stroke of 1.0 mm, a frequency of 50 Hz, and
a testing time of 60 min. The mass loss by wear was calculated using
the masses of each sample before and after the wear tests. More than
three samples were tested for each test condition, and the average
value was used. Dividing by the density of each sample, mass loss by
wear was converted into volume loss by wear. The data used for the
conversion are as follows: the density of the Ni3Al-alloy was
7.5 g/cm3, the density of the Cr3C2 particles was 6.68 g/cm3, and the
density of gray cast iron was 7.2 g/cm3.
3. Results
3.1. Microstructure and phase constitution of the composite materials
Fig. 1 shows the microstructure of the Ni3Al-alloy and Cr3C2/Ni3Al
composites with various Cr3C2 contents. As shown in Fig. 1(a), the
NAC-alloy exhibits a fairly homogeneous structure. In Fig. 1(b)–(e), it
can be observed that the chromium carbides, which form the strength-
ening phase of the composites, are uniformly dispersed in the matrix.
Moreover, the proportion of the strengthening phase in the composites
increases with increasing addition of Cr3C2. Fig. 1(f) reveals that the
Cr3C2/Ni3Al compositesmainly consist of a dark gray phase, an interme-
diate gray phase, and a light gray phase, as illustrated in the back-
scattered electron image. EDS analysis was conducted in order to deter-
mine the chemical composition of these three phases, and the results as
shown in Fig. 2. Only chromium and carbon were found in the energy
spectrum of the dark gray phase (see Fig. 2(a)). In the intermediate
gray phase (see Fig. 2(b)), iron and a small amount of nickel were also
found in addition to chromium and carbon. Nickel was dominant in
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Fig. 1. Back-scattered electron images of the microstructure of Ni3Al-alloy and Cr3C2/Ni3Al composites: (a) sample NAC0; (b) sample NAC06; (c) sample NAC12; (d) sample NAC18; (e)
sample NAC24; (f) high magniﬁcation for sample NAC12.
205L. Fu et al. / Materials and Design 115 (2017) 203–212thematrix, with smaller amounts of aluminum, iron, and traces of chro-
mium and carbon. In order to obtain more information about the con-
tinuous distribution of each element over the phase interfaces, EDS
line scanning analysis was performed across the chromium carbide par-
ticles. As shown in Fig. 3, the changes in distribution of Ni, Al, Cr, and Fe
elements at the interface are clearly observed. Nickel and aluminum
were mostly found in the matrix. The iron content was signiﬁcantly
higher in the intermediate gray phase but was lower in the matrix
phase. The carbon signal was higher in the dark gray phase, lower in
the intermediate gray phase, and very low in the matrix phase.0 2 4 6 8
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Fig. 2. EDS analysis of the three phases in Cr3C2/Ni3Al composites: (a)However, the poor precision of the carbon signal in the EDS analysis
prevents any deﬁnite conclusions from these variations. The chromium
signalwas the highest in the dark grayphase, somewhat lower in the in-
termediate phase, and very low in the matrix phase.
Fig. 4(a) and (b) present the X-ray diffraction patterns of the Ni3Al-
alloy and Cr3C2/Ni3Al composites. The results reveal that the Ni3Al-alloy
and Cr3C2/Ni3Al composite matrices have a Ni3Al crystal structure, with
peak signals at 2θ= 43.6°, 50.8°, and 74.8°. The diffraction patterns of
Cr3C2/Ni3Al composites do not show obvious signals for carbides,
which is attributed to interference from the strong peak of Ni3Al.0 2 4 6 8
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Fig. 3. EDS line scanning analysis across a carbide particle of sample NAC12.
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bides were extracted from the Cr3C2/Ni3Al composites. The XRD pattern
of the carbide extract (see Fig. 4(c)) indicates that two phases exist in
the composites, namely, Cr3C2 and M7C3 (M= Cr or Fe). TEM was ap-
plied to determine the phase structure of the composites. Fig. 5(a) and
(b) show TEM images of the matrix phase and the intermediate gray
phase, respectively. Fig. 5(c) and (e) show the electron diffraction pat-
tern and EDS spectrum of thematrix phase in Fig. 5(a). The electron dif-
fraction pattern in Fig. 5(c) exhibits the [011] zone axis of the Ni3Al fcc
structure, and its chemical composition coincides with the EDS results
of the matrix, mentioned above. Fig. 5(d) and (f) show the electron dif-
fraction pattern and EDS spectrumof the intermediate gray phase in Fig.
5(b). The results suggest that Fig. 5(d) shows a [0212] zone axis pattern
of the M7C3 hcp structure, which mainly consists of Cr, C, Fe and Ni
elements.20 30 40 50 60 70 80 90
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Fig. 4. XRD pattern of (a) Ni3Al-alloy; (b) NAC12 composites and (c) carbide extract of
sample NAC12.3.2. Hardness and tribological properties of the composite materials
Rockwell hardness measurements were conducted on the samples
NAC0, NAC06, NAC12, NAC18, and NAC24. Table 1 lists the Rockwell
hardness of samples and their equivalent Vickers hardness values. It
can be observed that the hardness of the Ni3Al-alloy is approximately
43 HRC. When 6 vol% Cr3C2 was added into the materials, the hardness
of the Cr3C2/Ni3Al composites was signiﬁcantly improved to approxi-
mately 48 HRC. When 24 vol% Cr3C2 was added, the hardness of the
Cr3C2/Ni3Al composite increased to 58 HRC. These results suggest that
the hardness of the Cr3C2/Ni3Al composites increases with increasing
addition of Cr3C2. In fact, the improvement in hardness of the Cr3C2/
Ni3Al composites is not only because of the added hard Cr3C2 particles
but also due to the diffusion of Cr into the matrix material, resulting in
a solution hardening effect on the Ni3Al matrix.
Fig. 6 shows the variation of average friction coefﬁcients of the sam-
ples as a function of Cr3C2 content. It is clear that the average friction co-
efﬁcient of the Ni3Al-alloy is approximately 0.85. The friction coefﬁcient
of the composites decreased with increasing addition of Cr3C2. Finally,
the friction coefﬁcient of the composites dropped to ~0.5 for the speci-
men NAC24, which had 24 vol% Cr3C2 added to it. The volume losses by
wear of theNi3Al-alloy and compositeswith different Cr3C2 contents are
given in Fig. 7(a). The wear rate of the monolithic Ni3Al-alloy was quite
high. However, the volume loss by wear decreased remarkably for the
sample with 6 vol% Cr3C2-addition. It was less than half of the volume
loss of the monolithic Ni3Al-alloy. The volume loss by wear of the com-
posites was the lowest (0.24mm3) for 18 vol% Cr3C2 addition. However,
it then increased (0.4 mm3) when the Cr3C2 content was 24 vol%. Fig.
7(b) presents the volume loss by wear of the counterpart disk (gray
cast iron) for different composites. Fig. 7(b) shows that the damage to
the counterpart disk by the Cr3C2/Ni3Al composites decreased as the
Cr3C2 content was increased, resulting in a reduction in the wear rate
of the counterpart material.
4. Discussion
4.1. Microstructure and phase constitution of the composite materials
The observed microstructure reveals that the Cr3C2/Ni3Al compos-
ites are composed of three phases. The XRD and TEM analyses indicate
that the matrix phase is Ni3Al, the intermediate gray phase (as seen in
Fig. 1(f)) has a M7C3 (M= Cr, Fe) structure, while the dark gray phase
(in Fig. 1(f)) is Cr3C2 that has not been transformed during the HIP pro-
cess. It is estimated that the Ni3Al has a long-range ordered crystal
structure that is stable up to temperatures near its melting point
(1390 °C). The temperature of the HIP process in this study is approxi-
mately 1160 °C. Therefore, the matrix phase retains the Ni3Al crystal
structure.
Themelting temperature of Cr3C2 is approximately 1890 °C. Howev-
er, some studies have indicated that surface diffusion of chromium
atoms from Cr3C2 carbide into the nickel matrix in the Cr3C2–Ni system
takes place at a relatively low temperature (approximately 700–800 °C)
[25]. As the temperature is raised, the diffusion reaction becomes more
vigorous. When the temperature is raised to 900–980 °C, the Cr3C2 car-
bide partially decomposes into free graphite and chromium atoms,
which diffuse into the matrix [25]. Therefore, when the experimental
temperature was raised to 1160 °C in this study, the Cr3C2 particles
may have fully or partially decomposed into the graphite and Cr
atoms, and diffused into the Ni3Al matrix materials. In addition, Fe and
Ni atoms from the Ni3Al phase can also diffuse into the carbides (as
shown in the EDS results, see Fig. 2). Moreover, the Fe atoms move by
an uphill diffusion process (see Fig. 3) because of the reaction with car-
bon, which can reduce the chemical potential. During the cooling pro-
cess, the dissolved Cr and C atoms may resolidify into a more stable
structure. It is well known that Cr and C may form several different sta-
ble carbides, namely, Cr3C2, Cr7C3, and Cr23C6. The thermodynamic
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Fig. 5. TEM results of matrix phase and intermediate gray phase in NAC12 composites: (a) TEM image ofmatrix phase; (b) TEM image of intermediate gray phase; (c) electron diffraction
patterns of matrix phase; (d) electron diffraction patterns of intermediate gray phase; (e) chemical composition of matrix phase; (f) chemical composition of intermediate gray phase.
207L. Fu et al. / Materials and Design 115 (2017) 203–212equations for the standardGibbs energy of formation (ΔGfο) of these car-
bides are [26]:
ΔGοf Cr3C2ð Þ ¼−54344−19:57 T 9400ð Þ J=mol ð1ÞTable 1
Hardness of Ni3Al-alloy and Cr3C2/Ni3Al composites.
Samples Rockwell hardness (HRC) Equivalent Vickers hardness (HV)
NAC 0 43 411
NAC06 48 470
NAC12 53 570
NAC18 54 597
NAC24 58 666ΔGοf Cr7C3ð Þ ¼−92067−41:5 T 2800ð Þ J=mol ð2Þ
ΔGοf Cr23C6ð Þ ¼−236331−86:2 T 10000ð Þ J=mol ð3Þ
Substituting the experimental temperature (T) in the expression
above, the standard Gibbs energies of formation (ΔGfο) of Cr3C2, Cr7C3,
and Cr23C6 are about −82.4 kJ/mol, −151.5 kJ/mol, and
−359.9 kJ/mol, respectively. According to the standard Gibbs energy
of formation (ΔGfο), Cr23C6 carbide has the highest tendency of forma-
tion from dissolved Cr and C. However, the XRD analysis and TEM re-
sults detected the M7C3 (M = Cr, Fe) structure instead of the M23C6
(M = Cr, Fe) structure in this work. This is because the reaction is not
only inﬂuenced by thermodynamic factors but also depends on kinetic
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Fig. 6. Average friction coefﬁcients of Ni3Al-alloy and Cr3C2/Ni3Al composites.
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based on a pure Cr-C system. In fact, the Cr and C atoms on the outer
edges of Cr3C2 particles diffuse and dissolve into the matrix, resulting0 5 10 15 20 25
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Fig. 7. Volume loss by wear of samples: (a) Ni3Al-alloy and Cr3C2/Ni3Al composites; (b)
their counterpart disks.in a disturbed Cr/C ratio at the dissolved region of carbide. Additionally,
some iron and a small amount of nickel diffuse into the dissolved region
of the carbide, altering the thermodynamic equilibria for the formation
of chromium carbides. Considering the existence of the Fe element, the
isothermal section diagrams of the Fe-Cr-C systemat 1160 °C and 900 °C
are shown in Fig. 8. The chemical composition (as seen in Fig. 5(f)) of
the intermediate gray phase suggests that the atomic fractions of Cr, C,
Fe, and Ni elements are 36.11, 47.28, 14.18, and 2.43, respectively. This
chemical composition is located just inside the region corresponding
to M7C3 + C(Graphite) in the isothermal section diagrams at 1160 °C
and 900 °C, as shown by the solid circle in Fig. 8. Therefore, the M7C3
(M= Cr, Fe) structure is detected in the diffusion phase. This result is
also consistent with results in the literature [25,27–28]. The size of the
Cr3C2 particles is quite large. Most particles are not completely
decomposed during the high-temperature period. The carbide core,
i.e., the dark gray phase, still retains the Cr3C2 structure after the cooling
process.
4.2. Wear resistance of the composite materials
Fig. 9 shows the back-scattered electron images of theworn surfaces
of the Ni3Al-alloy and Cr3C2/Ni3Al composites with various Cr3C2 con-
tents. The results suggest that many layers of wear debris cover the sur-
face of NAC0, as shown in Fig. 9(a). Parallel grooves on theworn surface
of NAC06 are found in Fig. 9(b). However, the quantity of wear debris is(b)
(a)
Fig. 8. Isothermal section diagrams of the Fe-Cr-C system at (a)1160 °C and (b)900 °C.
(e)
(a) (b) (c)
(d)
Debris layer
Groove
Carbides
Fig. 9. Back-scattered electron images of the worn surface morphologies of Ni3Al-alloy and Cr3C2/Ni3Al composites: (a) sample NAC0; (b) sample NAC06; (c) sample NAC12; (d) sample
NAC18; (e) sample NAC24.
209L. Fu et al. / Materials and Design 115 (2017) 203–212decreased in sample NAC06. With increasing Cr3C2 addition (see Fig.
9(c)–(e)) the amount of wear debris decreases. Furthermore, the
grooves are increasingly shallow and are even interrupted near the
chromium carbide particles. It is well known that the development
and survival of the layers of wear debris is associatedwithmany factors,
including the depth of grooves, ductility of the material, chemical afﬁn-
ity of the surface, etc. In this case, it is reasonable that the debris parti-
cles adhere with greater difﬁculty to hard Cr3C2 particles rather than
the ductile matrix. Deeper grooves are not easy to form as more Cr3C2
is added. Therefore, it is difﬁcult to form layers ofwear debris on the sur-
faces of sampleswith high Cr3C2 contents. Fewer debris layers are found
on the surfaces of composites with high Cr3C2 contents. The analysis of
average friction coefﬁcients of samples showed that samples with high
Cr3C2 contents have relatively low friction coefﬁcients, as shown in Fig.Groove
(b)(a)
(d) (e)
Fig. 10. Secondary electron images of theworn surfaces of Ni3Al-alloy andCr3C2/Ni3Al composite
NAC24.6. This low friction could be attributed to thedecrease in debris layers on
the surfaces of thesematerials. Similar results have been reported in re-
lated literature [29]. Although a detailed analysis of this result was not
conducted in this work, it can be studied in our further work.
The characteristics of worn surfaces reported above may indicate
that micro-cutting wear is the dominant mechanism occurring on the
surface of the Ni3Al-based compositematerials. Themicro-cutting effect
isweakenedwhen the Cr3C2 content in the composites is increased. Pre-
vious works [16,18] have studied the wear mechanism of the Ni3Al
alloy. They noted that a wear-resistant sub-surface layer forms ﬁrst
under the worn surface of the Ni3Al alloy, due to its plastic deformation
and strain-hardening. Then, the sub-surface layer may break into ﬁlings
and fall off from thewormsurface in the followingwear process. Finally,
these ﬁlings will act as wear debris particles and cause micro-cutting of(c)
s: (a) sample NAC0; (b) sample NAC06; (c) sample NAC12; (d) sampleNAC18; (e) sample
(b)(a)
Vertical micro-crack
(c)
(d) (e)
Fig. 11. Cross-sectionalmorphologies afterwear testing of Ni3Al-alloy and Cr3C2/Ni3Al composites: (a) sampleNAC0; (b) sampleNAC06; (c) sampleNAC12; (d) sampleNAC18; (e) sample
NAC24.
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the Cr3C2 particles added to the composites may impact their wear be-
haviors in the following ways: on the one hand, the hard Cr3C2 asperi-
ties in the surface separate the sliding surfaces and avoid direct
contact between the composite testing material and the disk; on the
other hand, the thickness of the sub-surface layer is decreased and the
size of the wear debris particles is smaller because the hardness of the
composites is increased by the Cr3C2 particles. In addition, the carbide
strengthening phase in the Cr3C2/Ni3Al composites may block the cut-
ting process of the wear debris particles. Therefore, the micro-cutting
effect is reduced and the grooves are gradually shallowed by the addi-
tion of Cr3C2 particles in the composites. These phenomena are so clear-
ly visible in the secondary electron images of theworn surfaces of Ni3Al-
alloy and Cr3C2/Ni3Al composites, as shown in Fig. 10. Because of this,(e)
(a) (b)
(d)
Fatigue crack
Deep hole
Fatigue crack
Fig. 12.Worn surface morphologies of the counterpart disks of Ni3Al-alloy and Cr3C2/Ni3Al com
sample NAC24.the wear loss of Cr3C2/Ni3Al composites decreases with increasing
Cr3C2 addition for a certain range of Cr3C2 content, as shown in Fig.
7(a). But, there is an unexpected increase in the volume loss of sample
NAC24 with 24 vol% Cr3C2. Zhu et al. [30] suggested that optimal addi-
tion of Cr3C2 can improve the strength of materials, but excess Cr3C2 ad-
dition could lead to a decrease in strength. In this study, cross-sectional
observations of pins were recorded after wear testing. As shown in Fig.
11, there are nomicro-cracks below theworn surfaces of samples NAC0,
NAC06, NAC12, and NAC18, but there are obvious cracks in sample
NAC24. The results indicate that excess Cr3C2 addition (such as 24
vol%) results in the formation of vertical micro-cracks even after wear
testing (as shown in Fig. 11 (e)). Therefore, the volume loss by wear is
lowest for NAC18, which has 18 vol% Cr3C2 content, while that of
NAC24 with 24 vol% Cr3C2 content is worse.(c)
Debris layer
posites: (a) sample NAC0; (b) sample NAC06; (c) sample NAC12; (d) sample NAC18; (e)
Table 2
Chemical composition (wt%) of wear debris for tested samples.
Samples Fe Si O Ni Al Cr
NAC 0 36.3 0.4 15.7 41.6 3.7 –
NAC06 40.5 0.3 14.4 35.8 3.2 3.2
NAC12 48.2 0.4 19.6 23.9 2.0 4.1
NAC18 63.2 0.7 16.2 15.1 0.7 2.0
NAC24 16.0 – 17.9 39.8 5.3 18.2
211L. Fu et al. / Materials and Design 115 (2017) 203–212The worn surface morphologies of the counterpart disk of the Ni3Al-
alloy and Cr3C2/Ni3Al composites with various Cr3C2 contents are given
in Fig. 12. From these ﬁgures, some fatigue cracks can be found on the
surface of the counterpart disk for the samples NAC0 and NAC06. The
counterpart disk for sample NAC0 even exhibits some spalling. As the
Cr3C2 content in the Ni3Al-based composites is increased, the fatigue
cracks on their disks become less obvious and the amount of wear de-
bris layers decreases progressively. This is because the initiation and
propagation of cracks on the worn surfaces is associated with shear
stresses on the contacting surfaces and the frequency of cycle stress
[31]. However, shear stresses are caused by friction, which is related
to the layer of debris on the contacting surfaces in this work. Fig. 9
and Fig. 12 show that the quantity of debris layers on the surfaces of
both pins and disks decreases with increasing Cr3C2 content in the com-
posites. Therefore, shear stresses on the worn surfaces of disks are re-
duced by the addition of Cr3C2. Decreasing shear stress on the surface
should lower the risk of crack initiation and propagation on the surface
of the disk, thus decreasing wear of the disk. This also explains why vol-
ume loss by wear results from the disk.
Table 2 shows the chemical composition of thewear debris from dif-
ferent samples. The results indicate that the wear debris is composed of
amixture of theCr3C2/Ni3Al composites and their counterpart disks. The
debris from tests onNAC0 andNAC24 contains a higherweight percent-
age of nickel whichmainly originates from the composites, compared to
iron which mainly originates from the counterpart disk. This suggests
that the volume loss of NAC0 and NAC24 composites is more severe
compared to the wear of their respective counterpart disks. Coinciden-
tally, the volume loss by wear of the NAC0 (0.84 mm3) and NAC24
(0.4 mm3) composites is higher than the wear of their respective coun-
terpart disks (0.65 mm3 and 0.17 mm3) in Fig. 9.
5. Conclusions
Ni3Al-based composite materials with different Cr3C2 contents were
fabricated by the hot isostatic pressing (HIP) technique. Themicrostruc-
ture and phase constitution of the Cr3C2/Ni3Al composite materials re-
vealed that the chromium carbide strengthening phase is distributed
homogeneously in the Ni3Al matrix, and the proportion of the strength-
ening phase in the composites increases with increasing Cr3C2 addition.
During the HIP process, the M7C3 (M = Cr, Fe) phase is formed in the
Cr3C2/Ni3Al composites, due to diffusion and recrystallization at the in-
terface between the Cr3C2 particles and Ni3Al matrix. Therefore, Cr3C2/
Ni3Al composite materials are mainly composed of partially dissolved
Cr3C2 particles, with the M7C3 (M= Cr, Fe) phase forming at the inter-
face between the original particles and the Ni3Al matrix phase. The
Ni3Al and Cr3C2 phases in the Ni3Al-based composites create a strong
diffusion bond via the formed M7C3 (M= Cr, Fe) diffusion phase.
The hardness of the Cr3C2/Ni3Al composites increases with increas-
ing Cr3C2 addition,which is attributed to the high hardness of Cr3C2 par-
ticles and the solid solution strengthening effect of chromium in the
matrix phase. Under speciﬁed friction andwear conditions, thewear re-
sistance of Cr3C2/Ni3Al composites is signiﬁcantly improved with in-
creasing addition of Cr3C2, within a certain range of Cr3C2 content.
However, further increase in Cr3C2 content (such as 24 vol% in this
work) results in a decrease in wear resistance because of the decrease
in strength. Moreover, damage to the counterpart disks of the Cr3C2/Ni3Al composites decreases as the Cr3C2 content is increased. The obser-
vations of worn surface morphologies suggest that micro-cutting and
fatigue wear are the dominant mechanisms for this tribological pair.Acknowledgments
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